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Abstract

The gut microbiome and circadian rhythms both exhibit unique influence on mammalian hosts and
have been implicated in the context of many diseases, particularly metabolic disorders. It has
become increasingly apparent that these systems also interact closely to alter host physiology and
metabolism. However, the mechanisms that underlie these observations remain largely unknown.
Recent findings have implicated microbially-derived mediators as potential signals between the
gut microbiome and host circadian clocks; two specific mediators are discussed in this review:
short-chain fatty acids and bile acids. Key gaps in knowledge and major challenges that remain in
the circadian and microbiome fields are also discussed, including animal vs human models and the
need for precise timed sample collection.
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Linking Gut Microbes and Circadian Rhythms

The gut microbiome has been largely recognized for its importance in regulating several
physiological systems, including the immune, metabolic, and nervous systems. Like any
other organ of the body, the gut microbial “organ” is wholly interconnected with other vital
life systems, and its composition and functions are very responsive to environmental and
dietary stimuli. There is growing evidence that the gut microbiome plays an essential role in
regulating host metabolism (see Box 1), particularly in its action on and reaction to host
circadian rhythms (CRs). CRs are governed by a feedback loop of transcription factors that
regulate gene networks that constitute our biological clock and are responsible for temporal
organization of processes that oppose one another, thereby supporting energy efficiency (see
Box 2). Similar to the microbiome, the clock is key to maintaining normal functions in
countless physiological processes, from temperature regulation and hormone secretion to
digestion, metabolism, and behavior. The functional link between gut microbiota and CRs
ultimately impacts host metabolism. There are potentially hundreds of other bioactive
molecules, from either the host or microbiota, that contribute to this complex, bi-directional
system, and researchers are only just beginning to identify and delineate their mechanisms
of action. Some host-derived mediators that have been shown to influence the gut
microbiome in a circadian context include anti-microbial peptides[1], glucocorticoid
hormones[2], and intestinal mucus secretion[3]. Microbially-derived mediators have also
been identified as circadian modulators, such as hydrogen sulfide, certain vitamins, and
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tryptophan derivatives[4]. Although these mediators are likely key components of the
circadian-microbiome network and must be explored further, little is currently known
concerning their mechanisms of action. This review describes the current state of knowledge
of two microbially-derived mediators that have been studied and characterized at length,
short-chain fatty acids (SCFAs) and modified bile acids (Figure 1). Remaining challenges
that must be overcome in order to advance discovery in such a nascent field are also
discussed.

Gut microbes and circadian rhythms are closely linked and drive metabolic

regulation

Recent studies have revealed elegant associations between host CRs and gut microbiota in
mice. Although gut microbes are not exposed to light, diurnal host signals induce
oscillations in both abundance and function of gut bacteria[5-7]. Specific microbial taxa, as
well as key microbially-derived products, have been demonstrated to exhibit diurnal
oscillations in relative abundance over a 24-hour period[3,5,8]. Despite potential
confounders in starting microbiomes across mouse cohorts, differences between animal
facilities, and unique study designs to manipulate the circadian system, microbial
oscillations persist across studies[9,10]. Total biomass of gut bacteria also fluctuates over
24-hours, as does ~20% of KEGG functional pathways[8,10].

A handful of studies have outlined molecular mechanisms of complex microbial-circadian
dynamics (of note the squid-vibrio model, see Box 3). However, the basic mechanisms that
underlie how microbial communities within a multicellular host maintain oscillations
remains a mystery. It is clear that the host circadian clock status and integrity, particularly
that of peripheral clocks (see Box 4), has great influence on the dynamics of intestinal
microbes. Mice with genetic mutations in Bmall and Per1/2 exhibit significantly altered
microbial community profiles and loss of rhythms in specific microbial taxa[6,8]. Gut
microbes have also been linked as drivers of host molecular rhythms; without gut microbes,
germ-free (GF) mice exhibit entirely different suprachiasmatic nuclei (SCN) and hepatic
transcriptional patterns, particularly in core circadian and metabolic pathways[5]. A similar
effect has also been observed in intestinal epithelial cells (IECs) of antibiotic-treated or GF
mice, in which clock and metabolic gene expression is reduced, and diurnal histone
signaling is significantly dampened, via lack of HDAC3[11,12]. This begs the question of
whether the absence of gut microbes or core clock components, resulting in loss of
homeostatic rhythmicity, allows for gain of secondary oscillations that can exert entrainment
of the host, which could explain the emergence of unique rhythmic patterns. The
reprogramming of these host rhythms may contribute to the development of certain disease
states that are known to be associated with disturbed microbiome and circadian
disorganization.

Perturbations to metabolic homeostasis also influence both host CRs and gut microbiome
oscillations. When mice are fed a high-fat diet, not only is circadian clock gene expression
significantly modulated in both the SCN and liver, but many of the microbial oscillations in
relative abundance observed in lean mice are also disturbed or dampened[5,7,13]. Another
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study showed that exposure to high-fat liquid diet subjected mice to more significant
changes in microbial community profile following weekly light-dark phase reversals, while
mice given regular chow maintained a more stable community[14]. Functional output of
microbes is also affected by high-fat feeding, observed by the overall reduction and absence
of diurnal abundance of SCFAs, which are known to heavily influence host metabolism[5].
Additional dietary regimens, including ketogenic and high-protein low-carbohydrate, have
begun to be investigated in this context and revealed changes in both circadian organization
and microbial community dynamics that is worth further study[15-18]. These misalignments
persist in consistent light entrainment, and appear to contribute to the negative metabolic
consequences, suggested by time-restricted feeding (TRF) in comparison to ad /ibitum
feeding. Not only does TRF of high-fat fed mice during the animal’s active phase prevent
the negative metabolic effects of the diet, including abnormal fat deposition and glucose
tolerance, but it also partially restores the microbial oscillations that are lost due to dietary
intervention[7]. Thus, the environmental cue of consolidated feeding may prevent metabolic
disturbance via the maintenance of microbial oscillations.

Several pieces of data support the notion that diurnal dynamics of gut microbes are also
important in humans. Fecal microbes originating from jet-lagged humans induce obesity and
glucose intolerance in GF mice receiving microbial transplantation, as compared to GF mice
receiving non-jet-lagged stool[8]. More recently, a study revealed that time of meal intake in
humans corresponded with diurnal dynamics of the oral microbiome[19]. It is clear that
CRs, especially peripheral clocks, and gut microbes respond to similar signals, such as diet
and behavioral feeding patterns. The entrainment of these systems, both to environmental
cues and each other, has a great influence on metabolic health and status, which thus far has
been difficult to target clinically. Investigating the specific mechanisms that these two
“organs” utilize to regulate metabolism will allow researchers to adapt that information and
eventually manipulate these and other systems for medical intervention of metabolic
diseases.

Elucidating drivers of the gut microbiome-peripheral clock axis

Thus far, we have illustrated a clear association between circadian regulation and gut
microbes that has functional metabolic significance, and some distinct mechanisms have
been described to explain these observations. One example is a study by Wang et a/., who
showed that the expression of transcription factor NFIL3 within IECs in mice is regulated by
gut microbial signals via the circadian clock factor REV-ERBa., and disruption to this
signaling relay directly worsens metabolic outcomes[20]. By serial deletion of each
signaling component and following the downstream result, this study outlined a precise
signaling pathway for how gut microbes can specifically impact host CRs and metabolism.
This reductive approach allowed for manipulation of each component and observation of the
result, which would not have been possible if the method was to examine all the aspects and
interactions simultaneously. Herein lies the difficulty in delineating the complex networks of
gut microbial and circadian regulation on host metabolism. To move beyond association-
based studies, research groups may require hypotheses and experimental designs focused on
specific components, such as peripheral clocks and certain metabolites, as opposed to the
whole system. Currently, a major gap in knowledge in this field is the identification and
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characterization of specific microbially-derived mediators that are directly responsible for
inducing changes in host circadian dynamics and metabolism. Next, we will describe two
potential mediators and the current evidence implicating their involvement in the host-
microbe circadian-metabolic dynamic.

Fatty Acids

A major functional by-product of gut microbes is the class of metabolites called short-chain
fatty acids (SCFAs). Fermentation of specific fibers by gut microbes results in the
production of the metabolic products known as SCFAs, the majority of which are butyrate,
propionate, and acetate[21]. SCFA production in the intestine is largely attributed to
fermentation by microbes belonging to the phylum Firmicutes|22,23]. While these products
can be used as an energy source for certain host cells (colonocytes, hepatocytes, adipocytes)
[21], some signaling mechanisms of SCFA action have also been identified. For example, it
has been shown that SCFASs are sufficient to induce specific chromatin states via modulation
of histone acetylation and methylation in GF mice[24]. SCFAs also stimulate certain G-
protein coupled receptors, such as FFA receptors, which influence gut hormone
secretion[25,26]. Although they have been observed to influence many aspects of host
metabolism, glucose metabolism is directly regulated by SCFAs via hormone signaling,
modulation of gut barrier function, and more[27]. Additionally, propionate can be directly
taken up by the liver and intestines to serve as a precursor for gluconeogenesis.

SCFAs are generally associated with improved metabolic outcomes. For example, colonic
delivery of propionate to humans for 6 months drastically reduced body weight and adipose
tissue in overweight humans[28]. Similar studies have also been performed with rodents in
which administration of butyrate, propionate, acetate, or a mixture of all three significantly
reduced body weight gain due to high-fat diet feeding[26,29]. However, conflicting evidence
has also emerged suggesting that SCFAs may be associated with obesity and other negative
metabolic outcomes. For example, obese human subjects have increased levels of SCFAs as
compared to lean subjects[30], and an “obese” gut microbial community in leptin-deficient
rodents has also been associated with increased SCFA levels[31]. Additionally, GF mice are
resistant to diet-induced obesity and exhibit very low levels of SCFAs, apart from acetate
which can also be produced by the host. Whether or not this obesity-resistance is directly
caused by reduced SCFA levels remains to be determined. Taken together, SCFASs clearly
play a role in and are associated with mammalian metabolic disorders, but the details have
yet to be clearly described. It is possible that differential timing of SCFA production and
delivery can have specific effects on the host; if the diurnal pattern of delivery is altered or
disrupted, perhaps due to circadian disruption, it could lead to negative metabolic
consequences. Further exploration is required to determine causality of this hypothesis.

As briefly mentioned above, SCFASs display an additional layer of regulation and interaction
with the host circadian system. Leone et al. measured SCFA levels in cecal and fecal
contents from C57BI/6 WT mice and found that both butyrate and propionate exhibit diurnal
oscillations in abundance, which are lost under high fat feeding[5]. This was validated by
quantitative measurement of key genes involved in butyrate production, which displayed
significant oscillation in regular chow but not high-fat dietary conditions. To explore
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potentially direct effects on hepatic regulation, Leone et a/. also treated murine, hepatic-
derived organoids with individual SCFAs. Quantitative PCR revealed that both butyrate and
acetate significantly shifted the period of expression of major circadian genes. A similar
experimental approach validated these findings /n vivo, treatment of C57BI/6 WT mice with
SCFAs caused significant changes in hepatic Bmall and Per2 gene expression patterns. This
study provided support that microbially-derived SCFAs can directly modulate in hepatic
circadian gene expression, possibly serving as a mechanism by which gut microbes and
peripheral circadian clocks regulate host metabolism.

Further work supports the notion that SCFAs and CRs are linked. Mice with global Bmal1
knockout lack any rhythmicity in fecal SCFA levels[32]. Treatment of murine intestinal
organoids with individual SCFAs (acetate, butyrate, or propionate) directly caused the
circadian clock gene expression to advance, indicated by PER2::LUC expression, while
formate, another SCFA, did not induce these changes[33]. Tahara et a/. showed that direct
administration of SCFAs induced circadian entrainment of certain tissues in mice[34]. Using
antibiotic-treated PER2::LUC mice, they found that oral administration of mixed SCFAs
induced significant phase change in luciferase bioluminescence in peripheral tissues (kidney,
liver, and submandibular gland), but only when administered at specific times of day.
However, when treated with a single SCFA species, few significant phase shifts were
observed, suggesting that a combination of mixed SCFAs is required for adequate circadian
signaling. Additionally, jet-lagged mice given SCFA treatment entrained faster to a new
light-dark cycle, implicating SCFAs in potentially resetting the central clock. They also
showed that exposure of GF mice to specific SCFAs directly modulates hepatic circadian
gene expression. However, application of SCFAs directly to hepatic tissue ex vivo did not
induce any changes in PER2 expression, implying that the complexity of an intact /n vivo
system is required for the signal mediation involved in SCFA-peripheral circadian
regulation.

Another major group of metabolites involved in gut microbial and circadian regulation are
bile acids (BAs). Derived from cholesterol, primary BAs are synthesized in the liver and
circulated to and from the intestinal tract to facilitate nutrient digestion and absorption[35].
BAs are major regulators of metabolic pathways via activation of receptors, notably nuclear
receptor farnesoid X receptor (FXR) and membrane receptor TGR5 [36]. Of particular
interest is the role that gut microbes play in BA metabolism and regulation. First, they have
been shown to regulate hepatic expression of key rate-limiting enzymes involved in BA
synthesis, including CYP7al, CYP7b1, and CYP27al, by ileal signaling[37]. Second, they
are responsible for the deconjugation and dehydroxylation of primary BAs that feed back
onto the host via hepatic circulation, which occurs primarily by taxa in the phylum
Firmicutes via bile salt hydrolase (BSH) activity[38]. Although most primary BAS,
conjugated or otherwise, are resorbed back into circulation, some escape absorption and are
metabolized by colonic gut bacteria to be transformed from primary into secondary BAs.
When absorbed systemically, they can act as signaling molecules in the host, such as via
FXR activation in response to deconjugated BAs, and via TGR5 which is activated by
secondary BAs and influences host energy homeostasis[39]. The bi-directional relationship
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between gut microbes and BA populations is particularly complex because they respond to
and influence each other, as well as respond to additional cues such as diet[40]. These
interactions can activate signaling pathways via the mentioned receptors and impact a wide
array of host metabolic pathways, including cholesterol, glucose, and lipid homeostasis[35].
Inflammation, energy expenditure, atherosclerosis, and thermogenesis are also known to be
under similar BA signaling regulation[41,42].

Microbial modifications of host-derived BAs have also been shown to influence circadian
gene expression[43], providing additional evidence of a direct physical link between gut
microbiota and CRs on host metabolism. Several key enzymes in BA synthesis exhibit
diurnal expression patterns following regulation by core circadian clock genes[44,45]. In
mice, both primary and secondary BAs exhibit significant oscillations in serum abundance,
with peak levels occurring near the end of the dark phase, whereas unconjugated BA levels
peak during the light phase[46]. This indicates that altered microbial regulation of BA
metabolism occurs at different times in the circadian cycle of mice. Similar patterns were
also observed of liver BA levels, implying that this particular microbial influence reaches
such a key metabolic organ and peripheral clock, and potential perturbations to either BA
synthesis or gut microbes could significantly impact the host.

Apart from homeostatic BA regulation, circadian disruption in mice by sleep disruption,
time-restricted feeding, or global knockout of Rev-erba, Perl and PerZ, significantly alters
expression of key genes involved in BA regulation[44,47,48]. Increased expression of BSH
activity among gut microbiota induces significant changes in lipid metabolism and CR gene
expression in both ileum and liver tissue [49]. Increased BSH activity also reduced body
weight, serum cholesterol, and liver triglycerides, supporting the notion that deconjugated
BAs derived from gut microbes directly influence host metabolic physiology. However, this
study was conducted on conventionally-raised SPF mice that were treated with antibiotics,
which could have contributed to some of the effects observed. It has also been shown that
GF mice monocolonized with nonfunctional-BSH strains, as compared to BSH-functional
strains, revealed different changes in metabolism and both hepatic and intestinal gene
expression, notably CR genes[50]. Another study measured circadian gene expression /7
vitro (Caco-2 cells) and /n vivo (C57BI/6 mice) settings following treatment with conjugated
versus deconjugated BAs[43]. Unconjugated BAs uniquely induced significant oscillation in
circadian gene expression /1 vitro. Similar treatment /n vivo also altered ileal, colonic, and
hepatic gene expression, although the presence of significant oscillation patterns could not
be determined because only one timepoint for data collection was performed. This work
showed that direct exposure to microbially-altered BAs alters peripheral circadian clock
gene expression, implying the potential circadian influence of certain BAs on a complex /n
vivo host, but requires further investigation to validate these findings.

Gaps in Knowledge: Challenges in the Field

Although significant progress has been made to elucidate the mechanistic interactions
between CRs and the microbiome, there remain many gaps in knowledge. Not only are each
incredibly complex in themselves, but their interactions are essentially a set of positive
feedback loops; one system signals to the other, causing the other to respond and signal back
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to the first one. This is demonstrated by evidence that when either system is impaired, the
other is subsequently affected. When key circadian genes are knocked out in mice, shifts in
gut microbiota ensue[8]; similarly, GF mice exhibit impaired circadian gene expression
patterns[5].

This brings about the question of how the hierarchy of these systems are built and interact
with one another. If the ultimate goal is to manipulate one or both of these systems to
improve or reset metabolic health, hierarchical drivers and downstream processes must first
be thoroughly defined in the proper context and relative to time. Where and when do you
intervene in such a dynamic and complex circuit? What are the central drivers that can be
manipulated with accuracy and precision? In the absence of central drivers, how does the
emergence of secondary drivers contribute to reprogramming of the host in the context of
disease states associated with microbiome or circadian disorganization? Similar to obesity,
diseases such as aging[51], type 2 diabetes[8], colorectal cancer[52], and inflammatory
bowel disease[53] exhibit unique microbiome and circadian profiles, but therapies that target
or attempt to reset these altered profiles will not be possible until the key drivers, either
primary or secondary, are identified and characterized. In addition to gastrointestinal and
metabolic diseases, neurological disorders are also of interest in this context by influence of
the gut-brain axis, the microbiome serving as a major signaling component of the gut and
the central circadian clock housed in the brain. For example, hepatic encephalopathy is
associated with both severe changes in gut microbiome function[54] and central circadian
disorganization[55], so it follows that functional alterations of either or both would influence
each other and the host in turn. However, it remains unknown how the circadian-microbiome
network influences manifestation of the disease, or how commonly prescribed antibiotic
treatments affect these interactions. These questions remain elusive and further progress in
the circadian-microbiome research field are hindered by challenges presented by time and
space.

To understand temporal relationships between host-microbe events, frequent and accurate
time sequence samples must be obtained from specific locations. Reliance on stool for
human microbiome sampling is limiting in this regard because subjects are rarely able to
provide multiple samples throughout the day and night. Transit time through the colon can
vary considerably among individuals and is usually on the order of hours, confounding any
attempt to correlate microbiome changes with blood and biological assessments made
elsewhere in real time. It is also technically infeasible to sample microbiomes of other
intestinal regions that exhibit vastly different community profiles and functions. Finally, the
inter-individual variations of the gut microbiome are enormous, making any type of cross-
sectional analysis of human populations difficult to power and perform. For host circadian-
microbiome studies, strong consideration should be given to longitudinal study designs
where time-sequence samples of individual subjects are obtained and where they serve as
their own controls. As mentioned above, sequential stool samples from human study
subjects are very difficult to obtain. An alternative is to sample from the other end of the Gl
tract — specifically the salivary microbiome where time sequence samples can be readily
obtained. These results can also be correlated with the timing of food intake which likely
affects host and microbiome rhythms[19].
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Many of the challenges associated with human studies can be circumvented by using animal
models where time-relevant events from host tissues and regional gut microbiomes are more
readily assessed. However, these studies often require large numbers of animals to be
sacrificed a specific time points within a 24-48 hour period under highly controlled
environmental and feeding conditions. Inbred mice commonly used in most circadian studies
are also nocturnal, awake and eating during the dark cycle and sleeping and inactive during
the light cycle — species variations from humans that could result in significantly different
temporal relationships between microbes and host. On the other hand, time-sequence stool
collections can be performed on individually-housed animals, providing opportunity to
assess changes in colonic microbiota over time.

Yet another complex layer of these interactions is the sexual dimorphism of both the
microbiome and host circadian expression patterns. Microbiome profiles in mice differ
significantly by sex, and gonadectomy of both males and females depend upon dietary
content[56]. Sexual dimorphism is also observed in reference to CRs; gonadectomy of male
mice drastically reduces locomator activity in comparison to females, and testosterone
treatment eliminates that difference[57]. Mice also exhibit sexual dimorphism in hepatic
gene expression of key metabolic genes, while those differences are lost in Cry1/2knockout
mice[58]. The CR-microbiome dynamic also presents sexual dimorphism. Liang et al.
showed that female mice exhibit more significant microbial oscillations in stool than male
counterparts; this difference is lost in Bmall global knockout mice[6]. More recently, \Weger
et al. showed that many of the differences in hepatic diurnal gene expression patterns
between the sexes in mice are lost in GF conditions[59]. Understanding how sex and sex
hormones affect diurnal microbiome patterns may be crucial to elucidating how these
systems communicate and develop relationships. Integration of large-scale sequencing and
metabolomics studies may inform on how sex hormones and sexual development play such a
major role in circadian-microbiome interactions and influence on host metabolism.

Concluding Remarks and Future Perspectives

Taken together, there is clear evidence that gut microbes and CRs interact to influence host
metabolism and energy balance. SCFAs and microbially-modified BAs are potential
mediators of this network, and many others likely exist that have yet to be identified in this
context. Further validation and mechanistic description of how these mediators accomplish
signaling is required. With this knowledge, we may be able to leverage their connection to
the microbiome-circadian network to develop treatment for metabolic disorders. This could
include direct manipulation of peripheral clocks or specific functions of gut microbes, or
these systems could be bypassed with timed delivery of mediators or compounds known to
induce relevant signaling cascades. To implement timed drug delivery for optimal efficacy,
particularly for potential gut microbiome modulation, we must first understand how essential
mediators interact within the circadian-microbiome network and the downstream pathways
that will be impacted.

However, many experimental hurdles in the field remain that must be overcome to achieve
these goals and develop potential chronotherapies. Reliable methods of human microbiome
sampling over a precise timescale are necessary to push the field forward and away from
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animal models that exhibit vastly different microbiome and circadian patterns. Differences in
both environment and dietary composition with human studies remain difficult and
expensive to control. The importance of observed sexual dimorphisms must also be
addressed in future studies to fully grasp how these systems communicate and how sex
development and hormones influence the effects of the microbiome-circadian network. In
addition, we are just at the beginning at identifying the myriad of bioactive molecules made
by the gut microbiome that are continuously taken up by the host. In turn, we recognize the
essential role of host circadian networks on diurnal patterns of the gut microbiome. The
integration of largescale sequencing and metabolomics studies may inform on exactly how
these signals interact with host circadian networks to have such a major impact on energy
balance and metabolic diseases. While this area of research is becoming recognized as a key
feature of host physiology, there remains much to be discovered before the potential of
clinical application becomes a reality (see Outstanding Questions).
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Box 1:
Gut microbes regulate metabolism.

Comprised of trillions of microorganisms that reside in various niches throughout the
gastrointestinal tract, gut microbiota are involved in the development, maintenance, and
deterioration of many host systems and processes. A broad range of hosts, from plants to
animals, tolerate and nurture these commensal microbes because of the vast number of
functions they perform; To name a few, gut microbes aid in digestion of specific dietary
nutrients, produce vitamins absorbed by the host, influence development of specific organ
systems, and are essential for immune system programming. Imbalance of microbes are
also associated with the development of several diseases[60,61]. Emerging research on
host-microbe interactions reveals that gut microbes are capable of programming host
energy balance, such as lipid absorption and storage, and have a major influence on
metabolic health[31,62]. Studies that utilize germ-free (GF) mice, raised in complete
absence of microbes, describe a unique metabolic profile compared to conventionally-
raised, Specific Pathogen Free (SPF) mice, including reduced adiposity, improved
glucose tolerance, and insulin sensitivity[63]. GF mice are resistant to diet-induced
obesity, and microbiota transplantation quickly results in increased adiposity, implying
that gut microbes can alter host energy balance and metabolic programming [5,63-65].
Conventionalization of GF mice induces changes in intestinal and peripheral tissue
transcription patterns of key metabolic genes relating to nutrient absorption and
metabolism, demonstrating that gut microbes directly influence host metabolic
programming[66,67].

Gut microbiota are exquisitely sensitive to environmental changes, including dietary and
physiological, and exhibit rapid responses in both community membership and functions
— effects that can feedback onto host health outcomes[40,68,69]. Humans with obesity
exhibit similar dysbiosis in comparison to lean individuals, while leptin-deficient obese
mice display a similar phenomenon[70,71]. This has also been demonstrated by GF
mouse conventionalization; mice that receive obese SPF donor sample display increased
adiposity compared to lean SPF donor, despite no differences in food consumption
between groups[31]. However, human microbiome studies are difficult to replicate and
sufficiently control all variables, and community composition often differs between
cohorts and studies. Altogether, these observations suggest that diet can functionally alter
host physiology via gut microbes, ultimately inducing metabolic disease, but more must
be done to understand why and how gut microbes induce such a profound and unique
metabolic phenotype. This topic has been covered extensively by this source[72].
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Box 2:
Circadian rhythms regulate metabolism.

CRs are essential to coordinate behaviors to the rising and setting of the sun, but also to
compartmentalize key physiological processes. CRs are observable in almost all animal
species regularly exposed to light, including prokaryotes and cyanobacteria[73]. Defined
by their self-sustaining and cell-autonomous nature, CRs are perfectly positioned to
synchronize the myriad of events necessary to adjust metabolism to the active and
inactive phases of life[74]. The molecular components of the circadian clock are
expressed in nearly every cell and tissue-type, and form an elegant transcriptional-
translational feedback loop that controls gene expression patterns. In short, Transcription
factors BMAL1 and CLOCK dimerize and activate transcription of many genes,
including Cryptochrome (Cry) 1-2 and Period (Per) 1-3which serve as the negative arm
to repress Bmall and Clock transcription. The expression of CryZ-2 and Per1-3are
subsequently reduced, releasing the negative feedback arm and allowing the positive arm
to resume expression. Additional components also regulate the components of this loop,
including Retinoic Receptor-related Orphan Receptor (Ror) and Rev-erbs. When
translated, these two components act in opposition; ROR promotes Bmal1 transcription,
and REV-ERBs inhibit it[75].

Host CRs are coordinated by a central, master clock located in the suprachiasmatic nuclei
(SCN) of the hypothalamus. The central clock receives light and dark cues from the
environment and transmits this information to peripheral tissues to keep the body
functioning along the same rhythm. Although the genes involved in maintaining the
circadian network drive many biological pathways, they are especially relevant in
metabolism[74,76]. Clock components, particularly Bmall, exhibit promoter-binding
patterns that are enriched for key metabolic genes, which likely contribute to the vast
number of metabolic genes that display rhythmic transcription and translation[77-79].
Transcriptome expression analysis of several mouse organs indicate that almost half of all
protein-coding genes exhibit 24-hour oscillation in at least one tissue, with the highest
percentage of 16% in the liver[80]. Following circadian disruption, metabolism and
energy networks become imbalanced, leading to disorders such as obesity and
diabetes[81,82]. This topic has been covered extensively by this source[83].
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Box 3:
The squid-vibrio model.

The squid-vibrio model of symbiosis involves a specific a microbial species that interacts
with the host rhythmically. Consisting of a relationship between the bobtail squid
Euprymna scolopes and the gram-negative bacterium Vibrio fischeri, the squid swim in
shallow oceanic waters to feed at night, at which point V/ fisceri enter the squid’s light
organ and luminesce to camouflage the squid[84]. These two organisms also exhibit a
circadian-relationship; V/ fischeri colonize the light organ each evening and a significant
portion of community is expelled in the morning, exhibiting a rhythm[85]. This pattern is
based on the host provision of specific amino acids as metabolic substrates for the
microbes, as well as a structural change within the light organ crypts where the microbes
reside, that induces a metabolic shift within the microbes towards anaerobic glycerol
respiration. In turn, the microbial luminescence induces diurnal host cryptochrome
expression which may induce the critical changes in host transcriptional metabolic and
signaling pathways for the night feeding period. The reduced complexity of this system
with a single microbial species has enabled researchers to manipulate specific
mechanisms, such as the luminescence activity of V/ fischeri, and delineate the direct
effects of that signal on specific host physiology[86].
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Box 4:
Peripheral circadian clocks uniquely influence metabolism.

Peripheral clocks can display local control and receive external signals independent of the
SCN[87]. For example, intestinal epithelial cells (IECs) exhibit unique transcription
oscillations of the core clock genes in comparison to the master clock, which allow for
local control of gut functions such as nutrient absorption and intestinal motility[88-90].
Time-restricted feeding (TRF) experiments with mice show that liver transcription
patterns can be entrained independently of the SCN[91,92] and can restore hepatic
transcription rhythms in circadian-disrupted or high-fat fed[93] mice, even while SCN
expression remains arrhythmic[94]. Peripheral clocks can also influence the brain, such
as the peripheral adipocyte clock and modulation of feeding behavior[95].

Numerous mouse models using genetic tissue-specific deficiency of a functional clock
display metabolic phenotypes that vary from both global knockout and wild-type
counterparts[76,96]. This is especially evident with BmalZ; mice lacking Bmall only in
specific tissues exhibit a variety of phenotypes completely distinct from the global
knockout. For example, the liver-specific Bmal knockout mouse does not display the
arrhythmia, accelerated aging, or increased adiposity relative the global KO counterpart,
but instead has a unique glucose tolerance profile with more efficient glucose clearance,
as well as reduced mitochondrial respiration[97-99]. Muscle-specific loss of Bmall in
mice results in glucose intolerance and fasting hyperglycemia[100], beta-cell-specific
loss results in a dampened insulin response to available nutrients[101], and adipocyte-
specific loss results in larger adipocyte size, reduced energy expenditure, and altered
feeding behavior during the rest phase[95]. Tissue-specific transgenics have shown that
peripheral circadian clocks have more nuanced effects on host physiology than previously
considered.
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Outstanding Questions:

How do gut microbial signals influence the complex hierarchy of peripheral and central
circadian clocks?

How do sex hormones and the gut microbial programming of sex development interact
with the microbiome-circadian network?

How can we overcome the challenges of human subject research to better understand the
relationships between gut microbiomes and host circadian networks?

Can clinical interventions targeting host circadian networks and the gut microbiome be
developed to effectively reset metabolic health or status long-term? How can these
findings be applied to the future development of chronotherapy, i.e. timed drug delivery?
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Trends:

Gut microbiota contribute significantly to host metabolism, including nutrient digestion,
vitamin synthesis, and immune programming. Disrupted balance of gut microbiota can
lead to the development of several metabolic disorders.

Gut microbes and circadian rhythms are intertwined via metabolic regulation, but the
mechanisms that underlie their interactions are still not understood.

Diurnal variations in regional gut microbiota affect host circadian rhythms to regulate
many core processes, particularly metabolism.

Microbe-derived metabolites such as short-chain fatty acids and bile acids are likely
mediators for gut microbiota- host circadian communication.

Further progress in the field requires more precise timed sampling, less reliance on stool,
and consideration of inter-individual human microbiome differences and sex hormones.
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Figure 1: Microbe-derived mediatorsthat influence host metabolic outcomes.
Inputs to the host that can include altered diet, feeding schedule (such as time-restricted

feeding), or circadian rhythm disruption (by genetic deletion of core clock genes or jet lag
protocol in animal models), which can significantly affect the synthesis, metabolism, and
dynamics of gut microbe-derived metabolites. SCFAs and modified secondary bile acids are
two such groups of metabolites that also exhibit oscillations and influence host CRs, both of
which are subject to changes of the preceding inputs. Gain or loss of gut mediators as
oscillators can alter host metabolism, although specific dynamics concerning how this
occurs has not been thoroughly described. As illustrated by the studies discussed in this
review, both of these metabolite groups exhibit unique influence on host outcomes,
particularly relating to metabolism and circadian rhythm expression.
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